We characterized the copper resistance genes in strain XvP26 of Xanthomonas campestris pv. vesicatoria, which was originally isolated from a pepper plant in Taiwan. The copper resistance genes were localized to a 7,652-bp region which, based on pulsed-field gel electrophoresis and Southern hybridization, was determined to be located on the chromosome. These genes hybridized only weakly, as determined by Southern analysis, to other copper resistance genes in Xanthomonas and Pseudomonas strains. We identified five open reading frames (ORFs) whose products exhibited high levels of amino acid sequence identity to the products of previously reported copper genes. Mutations in ORF1, ORF3, and ORF4 removed copper resistance, whereas mutations in ORF5 resulted in an intermediate copper resistance phenotype and insertions in ORF2 had no effect on resistance conferred to a copper-sensitive recipient in transconjugant tests. Based on sequence analysis, ORF1 was determined to have high levels of identity with the CopR (66%) and PcoR (63%) genes in Pseudomonas syringae pv. tomato and Escherichia coli, respectively. ORF2 and ORF5 had high levels of identity with the PcoS gene in E. coli and the gene encoding a putative copper-containing oxidoreductase signal peptide protein in Sinorhizobium meliloti, respectively. ORF3 and ORF4 exhibited 23% identity to the gene encoding a cation efflux system membrane protein, CzcC, and 62% identity to the gene encoding a putative copper-containing oxidoreductase protein, respectively. The latter two ORFs were determined to be induced following exposure to low concentrations of copper, while addition of Co, Cd, or Zn resulted in no significant induction. PCR analysis of 51 pepper and 34 tomato copper-resistant X. campestris pv. vesicatoria strains collected from several regions in Taiwan between 1987 and 2000 and nine copper-resistant strains from the United States and South America showed that successful amplification of DNA was obtained only for strain XvP26. The organization of this set of copper resistance genes appears to be uncommon, and the set appears to occur rarely in X. campestris pv. vesicatoria.
Copper compounds have been used for several decades for the control of bacterial and fungal plant pathogens; however, copper-resistant bacterial pathogens have become prevalent (1, 7, 8, 17, 26, 29, 43) and have reduced the efficacy of copper-based bactericides. Most of the genes associated with copper resistance from plant-pathogenic bacteria (7, 9, 15, 16, 41, 46) and some other bacteria, including Escherichia coli (44) and Mycobacterium scrofulaceum (20) , are plasmid encoded. Chromosomal genes for copper resistance have been cloned from the plant pathogen Xanthomonas arboricola pv. juglandis (26) .
Copper resistance genes in Xanthomonas campestris pv. vesicatoria were located on 188-to 200-kb self-transmissible plasmids in strains from Florida and Oklahoma (9, 41) and on a 100-kb non-self-transmissible plasmid in a strain from California (17) . Although these copper resistance genes were subcloned into a cosmid, they have not been studied further. The copper resistance genes from X. arboricola pv. juglandis have the same general copABCD structure as the genes from Pseudomonas syringae (30, 31) , but there are some differences in gene size and DNA sequence. The copRS regulatory genes, which are present in P. syringae pv. tomato (30) , have not been found in Xanthomonas (26, 47) , although copper induction has been demonstrated in X. campestris pv. vesicatoria (3) .
Chromosome-encoded copper resistance was discovered in a strain of X. campestris pv. vesicatoria (strain XvP26) from Taiwan that contained only one small plasmid (15 kb) (6, 13) . Since copper resistance was associated with large plasmids in this pathogen previously (25, 41) , we explored the possibility that the copper resistance in this strain was similar to that associated with the chromosome of X. arboricola pv. juglandis. Furthermore, since a probe containing copper resistance genes previously isolated from a plasmid in X. campestris pv. vesicatoria did not hybridize to total genomic DNA of XvP26 under low-stringency conditions, we investigated the possibility that there is a different set of genes for resistance. The objective of this work was to compare the copper resistance genes from X. campestris pv. vesicatoria strain XvP26 with copper resistance genes from other plant-pathogenic bacteria. In addition, below we present information on the presence of putative regulatory genes associated with the copper resistance genes and evidence for copper-inducible expression of two of the genes.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study and their sources are listed in Table 1 . Nutrient broth cultures (BD Difco, Becton, Dickinson and Company, Sparks, MD) were grown for 24 h on a rotary shaker (150 rpm) at 28°C. Strains of E. coli were cultivated on Luria-Bertani (LB) medium at 37°C (32) . A pLAFR3 cosmid library of XvP26 was maintained in E. coli DH5␣ on LB medium containing tetracycline. All other strains were stored in sterile tap water at room temperature or in 30% glycerol at Ϫ70°C or both. Triparental matings (19, 21) were performed on nutrient-yeast extract-glycerol agar (45) . Antimicrobial agents were added to media to maintain selection for resistance markers at the following final concentrations: tetracycline, 12.5 g/ml; kanamycin, 25 g/ml; spectinomycin, 50 g/ml; ampicillin, 100 g/ml; nalidixic acid, 50 g/ml; and rifamycin SV, 75 g/ml.
Copper resistance screening of Xanthomonas strains was performed either by streaking a loopful from a fresh tap water suspension of bacteria onto plates of nutrient agar containing copper sulfate at concentrations up to 200 g/ml or by incubation in CYE broth (3, 48) containing various amounts of copper and subsequent streaking onto plates containing nutrient agar without copper.
General DNA manipulations. Miniscale preparations of E. coli plasmid DNA were obtained by alkaline lysis as described by Sambrook et al. (38) . Previously cloned DNA fragments containing copper resistance genes from different plantpathogenic bacteria were isolated by digestion with appropriate restriction enzymes by using the conditions specified by the manufacturer (Promega Corporation, Madison, WI) for use in Southern hybridization. Restricted DNAs were separated in 0.7% agarose gels (Seakem GTG; FMC Bioproducts, Rockland, ME) in Tris-acetate-EDTA buffer by electrophoresis at 5 V cm Ϫ1 . The gels were stained with ethidium bromide (10 g/ml) for 30 min and then photographed over a UV transilluminator with type 55 Polaroid film.
Isolation of copper resistance clones. A pLAFR3 cosmid (42) library of DNA from strain XvP26 was created and maintained in E. coli DH5␣. Triparental matings were carried out by mixing mid-exponential-phase cells of X. campestris pv. vesicatoria strain 82-8 as the recipient with cosmid donors and with HB101(pRK2073) as the conjugational helper on nutrient-yeast extract-glycerol agar. The ratio of recipient to donor to helper was 2:1:1 (vol/vol/vol). After 24 h of incubation at 28°C, the mating mixtures were resuspended in sterile tap water, and aliquots were spread onto nutrient agar plates containing rifamycin, tetracycline, and copper sulfate (20 g/ml) for selection of transconjugants and induction of copper resistance. Transconjugant colonies were subsequently transferred onto nutrient agar amended with copper sulfate (200 g/ml) to detect clones carrying copper resistance genes.
Mapping of restriction endonuclease sites and subcloning of the DNA insert from a cosmid carrying the copper resistance gene cluster were performed by restriction digestion of the original clone with various enzymes and purification of fragments from an agarose gel by using the Wizard PCR Preps DNA purification system (Promega). Ligation of fragments into pUFR051 (18) was performed with T4 DNA ligase used according to the manufacturer's instructions. Ligation products were transformed into competent cells of E. coli DH5␣ produced by the calcium chloride procedure as described by Sambrook et al. (38) .
Insertion mutagenesis was performed using Tn3-uidA as previously described (11) . Individual insertion derivatives were analyzed by restriction enzyme digestion and mobilized into X. campestris pv. vesicatoria strain 91-118 for copper sensitivity testing. Selected insertion derivatives were used to generate marker exchange gene replacement mutants in the wild-type strain X. campestris pv. vesicatoria XvP26 as described by Bonas et al. (10) for use in complementation experiments.
In addition, pLAFR6 clones containing open reading frame 1 (ORF1) were constructed for use in complementation assays. PCR products generated using custom oligonucleotide primers ( Fig. 1 ) BOXϩ25 (5Ј-CACCCTGTCACTCAG ATGTTCC-3Ј), BOXϩ90 (5Ј-GAAGTGACCATGGTTTCCTCTGC-3Ј), and ORF1STOP (5Ј-GTCGCTGCACCTTTATTCCTCC-3Ј) were first cloned into the pGEM-T Easy vector (Promega) for sequencing and subsequently excised from the vector using EcoRI for subcloning into pLAFR6. DNA sequencing. For sequence analysis, DNA fragments were cloned into the phagemid vector pBluescript II/KS (Stratagene, La Jolla, CA) using appropriate enzymes, and sequencing was initiated using the standard flanking vector T3 and T7 primers. A primer-walking strategy with custom-designed oligonucleotides was used to complete the sequencing. DNA sequencing was performed by the DNA Sequencing Core Laboratory of the Interdisciplinary Center for Biotechnology Research (University of Florida, Gainesville). The exact location of Tn3-uidA insertions was determined by sequencing using an oligonucleotide complementary to a sequence in the N terminus of the ␤-glucuronidase (GUS) gene (5Ј-GATTTCACGGGTTGGGGTTTCTACAGG-3Ј). DNA sequence analysis was performed with the Sequaid II program (Kansas State University, Manhattan). Database searches were performed using TBLAST (2) .
␤-Glucuronidase reporter assays. ␤-Glucuronidase activities expressed in several X. campestris pv. vesicatoria strain backgrounds were measured by using CYE broth cultures containing 5 M CuSO 4 · 5H 2 O, 3CdSO 4 · 8H 2 O, CoCl 2 · 6H 2 O, or ZnSO 4 · 7H 2 O to test the inducibility of ORF1, ORF3, and ORF4. In-frame fusions of uidA with ORF3 and ORF4 were constructed by excision of the uidA gene from pBSGUS clones and insertion into the pBluescript subclone pBCuSX using available restriction enzyme sites. Correct fusions were confirmed by sequencing before the fused genes were cut from the clones and moved into the vector pLAFR6 for conjugation into X. campestris pv. vesicatoria for GUS assay experiments. An ORF1-uidA fusion was obtained by cloning a 665-bp KpnI/EcoRI ORF1 PCR fragment upstream of the uidA gene in pLAFR6. Custom primers (Fig. 1) ORF1KPN (5Ј-CCAATCTGGCATGAGTGGTAC CCAATCCC-3Ј) and ORF1ECO (5Ј-CCGAATTCATGACGTCCAGGATCA CCAGGTC-3Ј) were used to obtain ORF1 DNA.
To assess the possible role of ORF1 and ORF2 in the regulation of expression of ORF3, a derivative reporter clone of pORF3uidA (p⌬KXORF3uidA) was constructed by deletion of the 3.5-kb KpnI/XbaI fragment containing ORF1 and ORF2 and subsequent replacement of the 480-bp ORF3 upstream region with a KpnI/XbaI fragment generated by PCR using custom primers (Fig. 1) ORF1KPN and ORF1XBA (5Ј-CCTCTAGAGTGTGCCGAACTCAAAGCGTCC-3Ј).
Cells from 18-h plate cultures of transconjugants grown on CYE media containing tetracycline were suspended in fresh CYE broth, and the concentrations were standardized to an optical density at 600 nm of 0.3 for induction assays. One-milliliter portions of suspensions with or without copper were incubated at 28°C for 3 h to allow induction. The cells were then pelleted from the suspensions by centrifugation and washed once in sterile deionized water to remove the residual copper. The cell pellets were resuspended in 250 l of MUG extraction buffer (24) and incubated at 37°C. The reactions in aliquots (25 l) were terminated at 30-min intervals by addition of 225 l of 0.2 M Na 2 CO 3 . Fluorescence was measured using a Cytofluor II fluorescence multiwell plate reader (PerSeptive Biosystems, Framingham, MA) calibrated with known concentrations of methyl-umbelliferone (MU) (Sigma Chemical Company) in MicroFluor B flat-bottom microtiter plates (Dynatech Laboratories, Inc., Chantilly, VA). The results were expressed as the number of units (nanomoles of MU produced per minute) normalized for CFU of bacteria in the reactions. Transconjugants carrying pL6uidA and transconjugants carrying pL3uidA were included in assays as controls for background and constitutive expression, respectively.
Primer extension analysis. The concentration of log-phase bacteria (strain XvP26) was standardized to an optical density at 600 nm of 0.3 in fresh CYE broth with or without copper sulfate (10 M), and the bacteria were incubated at 28°C for 1 h. Total RNA was extracted using an RNeasy Protect bacterial mini kit and an RNase-Free DNase set (QIAGEN, Valencia, CA) according to the manufacturer's instructions. Primer extension and GeneScan analysis were performed by previously described protocols (28) , with some modifications, using oligonucleotides labeled at the 5Ј end with 6-carboxyfluorescein. Custom oligonucleotides PE1 (5Ј-GACTGCAAGACCTGCCAGCCATTCAACC-3Ј) and PE2 (5Ј-GTCAGGAACAGGACGGGCATCTCAAGG-3Ј) (Fig. 1) were heated at 65°C for 90 min in 1ϫ First-Strand buffer containing 10 g of total RNA and allowed to cool at room temperature for 5 min before they were quenched on ice for 5 min. Extension was performed at 55°C for 1 h using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA), and the preparations were heated to 70°C for 15 min before RNase A treatment. To determine the 5Ј end of mRNA, the same oligonucleotides (unlabeled) were used as primers in sequencing reactions.
PCR and Southern hybridization analysis of strains. Custom oligonucleotide primers JB8 (5Ј-GTGTGCCGAACTCAAAGCGTCC-3Ј) and JB18 (5Ј-GAC CTGCTTGGCATACTTGAGTGC-3Ј), which were designed to specifically amplify portions of ORF1, ORF3, and the intergenic region between these two ORFs, were used to screen a collection of 51 pepper and 34 tomato strains of X. campestris pv. vesicatoria isolated in Taiwan between 1987 and 2000. Also, nine copper-resistant strains from the United States and South America were tested for the presence of this unique region of DNA.
DNAs from a subset of 15 representative strains tested by PCR were also examined in hybridization tests using labeled DNA of pXv26Cu-2 as a probe. For Southern hybridization, genomic DNA was isolated using the cetyltrimethylammonium bromide method (4) and digested with restriction enzymes under the conditions recommended by the manufacturer. DNA fragments were resolved by agarose gel electrophoresis and transferred to Nytran membranes (Schleicher & Schuell, Keene, NH). The DNA for probes was labeled with digoxigenin-11 dUTP, and hybridization and detection reactions were carried out using a Genius nonradioactive kit (Boehringer Mannheim, Indianapolis, IN).
Nucleotide sequence accession number. Nucleotide and/or amino acid sequence data for the copper resistance gene cluster have been deposited in the GenBank database under accession no. AY248746.
RESULTS
Cloning and subcloning of copper resistance genes from X. campestris pv. vesicatoria strain XvP26. Two of the 1,100 cosmid clones tested conferred copper resistance to strain 82-8 transconjugants. A restriction enzyme map of one clone (pXv26Cu), which contained approximately 27.9 kb of insert DNA, was generated. To further localize the copper gene cluster, different fragments of the insert were first subcloned into pLAFR3. One subclone, which contained a 10.9-kb EcoRI/HindIII fragment, conferred copper resistance to strain 82-8 transconjugants on media containing 200 g/ml of copper sulfate. The 10.9-kb fragment (pXv26Cu-1) was further subcloned as a 7,652-bp EcoRI/XbaI fragment into pUFR051 (pXv26Cu-2) and maintained copper resistance (Fig. 2) . Comparison of the copper resistance genes from XvP26 with copper resistance genes from other plant-pathogenic bacteria. The probes generated from clones containing copper resistance genes from X. campestris pv. vesicatoria strain 75-3(pXvCu), Pseudomonas syringae pv. tomato(pCop35), and X. arboricola pv. juglandis(pXjCu99) did not hybridize to total DNA digests of strain XvP26, as determined by Southern hybridization analysis using high-stringency conditions (data not shown). When the 10.9-kb fragment containing the copper resistance genes from pXv26Cu-1 was used as a probe, it exhibited only weak hybridization in low-stringency conditions with cloned plasmid-borne copper resistance genes from X. campestris pv. vesicatoria strain 75-3 and P. syringae pv. tomato and chromosome-borne copper resistance genes from X. arboricola pv. juglandis, as determined by Southern hybridization (data not shown).
Sequence analysis of the copper resistance genes. pXv26Cu-1 was subcloned by digesting the fragment with EcoRI and XbaI to produce a 7.6-kb fragment, designated pXv26Cu-2, which conferred copper resistance in 82-8 and 91-118 transconjugants. The sequence of the 7,652-bp DNA insert of pXv26Cu-2 was obtained using a combination of pBluescript subclones, a Tn3 reverse primer, and custom oligonucleotide primers. Five major open reading frames were identified ( Fig. 2A) , and ORF1 and ORF2 were divergently transcribed from the other three ORFs. ORF1, ORF2, ORF3, ORF4, and ORF5 were 681, 1,341, 1,428, 1,410, and 495 bp long, respectively.
ORF1 and ORF2 were selected using the alternate GTG start codon. ORF1 encodes a predicted 227-amino-acid polypeptide with the deduced amino acid sequence of a gene product exhibiting 66 and 63% identity to CopR from P. syringae (33) and to PcoR from E. coli (12) , respectively. Using primer extension, the probable transcriptional start of ORF1 was identified 57 bases upstream (G) of the predicted GTG start codon and was associated with a conserved palindrome previously identified as a copper box within copper-responsive promoters (33, 34, 36) (Fig. 3C) . The selected transcriptional site for ORF1 relative to the copper box aligned most closely with that of the copper-responsive repressor CopY of Enterococcus hirae (Fig. 3A) . In several repeat extension reactions the presence of this strong transcript signal was sometimes accompanied by additional weak transcripts originating at a position either 42 (G), 39 (C), or 13 (A) residues upstream of the GTG codon (Fig. 3A) . Two additional peaks appearing at 106 and 407 bases in the GeneScan blue (6-carboxyfluorescein) channel (Fig. 3B) were eliminated as possible ORF1 transcript sites based on subclone complementation tests. No significant differences were found in comparisons of transcript levels from total RNA obtained from uninduced and copper-induced cells (data not shown).
ORF2 encodes a 447-amino-acid polypeptide that exhibits 49 and 37% identity with the putative CopS of Ralstonia metallidurans (GenBank accession number AJ278983) and PcoS of E. coli (12) , respectively. ORF3 encodes a predicted 476-amino-acid polypeptide that exhibits 23% identity with a cation efflux system membrane protein, CzcC, of Alcaligenes eutrophus (35) . The ORF4 product is 470 amino acids long and exhibits 64% identity with a putative copper-containing oxidoreductase protein of Sinorhizobium meliloti (5, 14) . ORF5 encodes a predicted 165-amino-acid polypeptide that exhibits 47% and 51% identity with a putative copper-containing oxidoreductase signal peptide protein in S. meliloti (14) and a putative CopC protein in Aeromonas veronii (22) , respectively. Mutation and complementation analyses. Transposon mutagenesis of pXv26Cu-2 resulted in inserts that were randomly and extensively distributed throughout the sequence based on physical mapping (Fig. 2A) . Insertions in ORF1, ORF3, or ORF4 resulted in a complete loss of resistance to copper in the transconjugants screened. Insertions in ORF5 resulted in intermediate resistance to copper, and insertions in ORF2 had no noticeable effect on resistance to copper.
Marker exchange mutants generated in parental strain XvP26 were tested for resistance to copper. On solid media containing copper sulfate at a concentration of 120 g/ml, only the ORF1 mutant (strain ME5) failed to grow (Fig. 4) . Resistance to copper was restored in ME5 by transcomplementation with clone pORF1(BOXϩ90), but not by transcomplementation with clone pORF1(BOXϩ25). The growth of mutant ME16 (ORF5) was reduced compared to that of the wild-type strain, whereas ME12, ME25, and ME23 (representing ORF2, ORF3, and ORF4, respectively) were not affected. When the CYE broth method was used, ME25 (ORF3 mutant) appeared to be more like the wild type than ME12, ME23, and ME16 (data not shown).
Induction of copper genes. Upon exposure to a low level of copper, GUS activity for ORF3 and ORF4 was induced, and the levels were similar in the 91-118, ME12, and ME25 backgrounds ( Table 2 ). The activities of both genes were considerably lower in FIG. 3. (A) Comparison of the ORF1 sequence with copper-and silver-inducible promoters preceded by the palindromic copper box. The upstream regions of E. coli promoters PpcoE, PcusC, and PpcoA, P. syringae promoter PcopA, and Salmonella enterica promoters PsilE and PsilS (obtained from reference 34) are aligned to highlight the copper boxes (indicated by arrows) that are found upstream of the copper-or silver-inducible promoters. Predicted Ϫ35 and Ϫ10 hexamers are indicated by single and double underlining, respectively. Transcriptional start sites that have been determined are indicated by boldface underlining. The positions of weak additional transcriptional start sites in ORF1 are indicated for the nonboldface underlined nucleotides. For comparative purposes the conserved copper box for copY of E. hirae (obtained from reference 36) is also shown (Hirae1/2). (B and C) Primer extension electropherogram (B) and image of a sequencing gel (C) used to analyze the primer extension product generated using primer PE2. Peaks corresponding to several of the GeneScan-500 ROX internal size standards (red in the actual analysis) are indicated next to the ORF1 primer extension product labeled with G* near the standard peak at 250 (blue in the actual analysis). The sequence shown is the sequence of the coding strand of ORF1. No GUS activity was detected when the p⌬KXORF3uidA reporter clone (lacking ORF1 and ORF2) was used in the 91-118 and mutant ME5 backgrounds (Table 2 ). This reporter indicated that there were various levels of constitutive expression in the XvP26, ME12, and ME25 strains, with no significant induction by addition of copper. Strains ME23 and ME16 both exhibited copper-inducible expression of GUS activity for this reporter.
No GUS activity was found for pORF1uidA in the 91-118 background in our assay. A low level of constitutive activity was found for this reporter construct in XvP26 (8 Ϯ 0.3 U) compared to the pL3uidA constitutive control (454 Ϯ 3 U), and no significant increase was evident for either construct following addition of copper (8 Ϯ 0.7 and 464 Ϯ 14 U, respectively).
PCR analysis of strains. No PCR product was amplified from the Taiwan, United States, or South American strains of X. campestris pv. vesicatoria whether they were resistant to copper or not. Only DNA from XvP26 was amplified using primers JB8 and JB18 or hybridized with the pXv26Cu-2 probe (data not shown).
DISCUSSION
We identified the determinants for copper resistance on a 7,652-bp XbaI/EcoRI chromosomal fragment in X. campestris pv. vesicatoria strain XvP26 from Taiwan. Although metal resistance is commonly associated with plasmids in bacteria (39) , gene clusters associated with the chromosome that result in copper resistance have been identified in phytopathogenic Pseudomonas and Xanthomonas spp. (26, 27) . Previously, copper resistance in X. campestris pv. vesicatoria was associated only with plasmids (9, 23, 41) . The size of the 5.5-kb region that is functional in copper resistance in XvP26 is similar to the sizes of P syringae pv. tomato (8) , X. arboricola pv. juglandis (26) , and X. campestris pv. vesicatoria (46) regions, which are 4.5, 4.9, and 6.0 kb long, respectively.
As a result of sequencing of the 7.6-kb fragment, five ORFs were identified in the cluster of genes associated with copper resistance. Three of these five ORFs were required for a high level of resistance in transconjugant screening. Insertional mutation of ORF2, which exhibits homology to the CopS gene, had no observable effect on copper resistance when it was tested in the 91-118 transconjugant background. ORF5, which exhibits homology to the gene encoding a putative coppercontaining oxidoreductase signal peptide protein in S. meliloti (14) , was not essential for resistance to copper in plate assays, but there was delayed growth of transconjugants when it was knocked out. These results were similar to those reported for PcoE in E. coli, which has been reported to not be strictly required for copper resistance but reduced the time needed for E. coli strains to recover from copper stress (33). Francki et al. (22) observed that copper tolerance was slightly reduced by one mutation in A. veronii, similar to ORF4. A similar situation was observed when copper resistance was reduced to an intermediate level in X. campestris pv. juglandis when two ORFs whose products exhibit high levels of amino acid identity to CopC and CopD of P. syringae pv. tomato were deleted (26) .
Two of the five ORFs, ORF3 and ORF4, were determined to be inducible when cultures were exposed to small amounts of copper. Although copper induction has previously been shown to occur in xanthomonads, the regulatory genes were not located (26, 46) . The ORF1 product exhibits significant amino acid identity to CopR of P. syringae pv. tomato, and ORF1 contains a putative copper box motif, which previously was shown to be essential for copper-inducible activity at the PpcoA and PpcoE promoters in E. coli (37) . It is unusual to find a copper box upstream of a putative copR gene in X. campestris pv. vesicatoria, considering that based on in vitro DNase I footprinting, CopR binds to the copper box upstream of PcopA (33) . Munson et al. (34) provided strong proof that copper boxes upstream of PpcoA and PpcoE are the binding sites for CusR, a CopR homolog. Further confounding with regard to the copper boxes was the finding that neither ORF3 nor ORF4 contained a conserved copper box. Clearly, ORF1 is essential for copper resistance and plays a role in regulation of the system in strain XvP26.
In insertion mutant studies ORF2 (homologous to the CopS gene) was determined to be unnecessary for functional copper resistance in the 91-118 transconjugant background. One plausible explanation for this is that some region(s) outside the fragment may play a regulatory role in expression of copper FIG. 4 . Growth of wild-type strain XvP26 (WT) and marker exchange mutants on nutrient agar containing copper sulfate (120 g/ml). (26) speculated that regulation of the copper resistance in X. arboricola pv. juglandis may be associated with a different region of the chromosome. This may also be the case in X. campestris pv. vesicatoria since ORF2, which exhibits homology to CopS, has no effect on copper resistance when it is knocked out. However, in our expression studies mutation of ORF2 resulted in lower basal expression levels and loss of the copper inducibility of ORF3 in the trans reporter, indicating that this gene has a regulatory role. There may be another gene somewhere else in the genome that functions like the CopS gene. This has been shown in E. coli, in which the pcoRS and cusRS genes encode homologous copper-responsive regulatory systems, although they cannot substitute for each other (34) . Further detailed analysis, beyond the scope of this study, is needed to fully understand regulation of this system in strain XvP26. PCR amplification analysis of strains from Taiwan collected over several years and strains from a number of regions revealed that none of the strains contained the uniquely oriented copper gene cluster found in XvP26. This could indicate that there was a rare introduction of this strain into Taiwan or chromosomal transfer from another organism or organisms. Horizontal transfer of the copper resistance gene in XvP26 has been demonstrated among strains of X. campestris pv. vesicatoria (6) . The latter hypothesis may be plausible given the inability to detect the copper resistance genes in a representative collection of strains from Taiwan.
